The genus Synechococcus (cyanobacteria), while containing morphologically similar isolates, is polyphyletic and organisms presently classified as such require reclassification into several independent genera. Studies based on analysis of 16S rRNA gene sequences have shown that members of the genus Synechococcus are affiliated to three of seven deeply branching cyanobacterial lineages. In addition, some strains do not appear to be associated with any of these lineages and may represent novel clades. In this report, a cyanobacterial phylogeny based on 16S rDNA sequences, including 14 newly sequenced Synechococcus isolates, is presented. One newly sequenced Synechococcus strain (PCC 7902) did not have any close relatives amongst cyanobacterial isolates currently contained in 16S rDNA sequence databases and was only loosely affiliated to a cyanobacterial lineage in which no other Synechococcus strains were found. Three hot-spring Synechococcus isolates, including two that were newly sequenced in this study (PCC 6716 and PCC 6717), formed an additional cyanobacterial lineage. These results indicated that Synechococcus species are affiliated to five of eight deeply branching cyanobacterial lineages. Part of the phycocyanin (PC) gene sequence (cpc), including the intergenic spacer (IGS) between cpcB and cpcA and the corresponding flanking regions (cpcBA-IGS), was used to investigate relationships between closely related Synechococcus isolates. Previously described PCR primers did not amplify this region from the majority of strains under investigation, so a new set of primers was designed that allowed amplification and sequencing of the cpcBA-IGS and flanking regions from 38 Synechococcus species. Phylogenetic analysis of this region was largely consistent with that obtained from 16S rDNA sequence analysis and revealed a relationship between the primary PC DNA sequence and the phycobilin content of cells.
INTRODUCTION
Abbreviations : PC, phycocyanin ; PE, phycoerythrin ; IGS, intergenic spacer.
The GenBank accession numbers for the 16S rDNA sequences determined in this paper are AF216942-AF216955. The GenBank accession numbers for the sequences of the cpcBA-IGS and flanking regions determined in this paper are AF223428-AF223465. phyla, being a large, diverse and widespread group inhabiting most of the Earth's environments. They play an important role as primary producers (Chisholm et al., 1988 ; Waterbury et al., 1979) , but are also capable of extensive growth, resulting in bloom events that can cause a significant threat to human and animal health (Carmichael, 1992) . The current classification of cyanobacteria relies heavily upon morphological observations such as cell size, shape and arrangement (filamentous, colonial or single cells), coloration and the presence of characters such as gas vacuoles and a sheath (Castenholz & Waterbury, 
# 2001 IUMS
It has been widely suggested that organisms presently classified in the genus Synechococcus, sometimes referred to as a ' culture group ', be further divided into a number of separate genera Honda et al., 1999 ; Rippka et al., 1979 ; Wilmotte & Stam, 1984) . Six strain clusters of Synechococcus have been defined by Waterbury & Rippka (1989) based primarily on differences in GjC content (mol %) and habitat (freshwater or marine). These strain clusters are intended to represent provisional genera (Urbach et al., 1998) and are designated as follows : Cyanobacterium cluster, Synechococcus cluster, Cyanobium cluster, Marine cluster A, Marine cluster B and Marine cluster C (Holt et al., 1994) . Synechococcus isolates maintained at the Pasteur Culture Collection (PCC), however, are divided into five clusters that do not correlate simply with the six clusters described above (Rippka & Herdman, 1992) . The Cyanobacterium cluster is analogous to PCC cluster 4. Marine cluster C contains strains from PCC cluster 3. The Cyanobium cluster contains strains from PCC cluster 5 as well as strain PCC 6603, which has not yet been classified in a PCC cluster. The Synechococcus cluster, however, contains strains from three PCC clusters, namely clusters 1, 2 and 3. Marine cluster A contains strains from the Woods Hole Culture Collection, as does Marine cluster B, which also includes a single PCC strain classified in cluster 5. These differing clustering systems can contribute to confusion when dealing with Synechococcus strains. At present, identification of Synechococcus species is unclear. A recent study of cyanobacterial phylogeny using 16S rRNA gene sequence analysis further emphasized that the genus Synechococcus is polyphyletic and not a natural taxon, with members found in three of the seven groups identified, as well as outside these seven groups (Honda et al., 1999) . It is clear that there are numerous limitations with the current taxonomy of Synechococcus at the genus level and, additionally, detailed studies to determine species classification of these bacteria are required.
In order to elucidate natural relationships among the Synechococcus culture group further, genetic characterization is required on a wide range of isolates and the use of multiple genetic markers is desirable. In addition to analysis of 16S rRNA gene sequences (Giovannoni et al., 1988 ; Honda et al., 1999 ; Neilan et al., 1997 ; Otsuka et al., 1998 ; Turner et al., 1999 ; Urbach et al., 1998 ; Wilmotte, 1994) , genes encoding the major light-harvesting accessory pigment proteins, particularly the phycocyanin (PC) operon (cpc), including the intergenic spacer (IGS) between cpcB and cpcA and the corresponding flanking regions (cpcBA-IGS), have been targeted for phylogenetic studies of cyanobacteria (Barker et al., 1999 ; Bolch et al., 1996 ; Hayes & Barker, 1997 ; Neilan et al., 1995) .
The aim of this study was to investigate the phylogeny of Synechococcus isolates cultured from Japanese lakes as well as Synechococcus isolates from the PCC (Paris, France) using PCR amplification and DNA sequencing of the 16S rDNA and the cpcBA-IGS and flanking regions. The 16S rDNA sequences from 14 Synechococcus isolates and the cpcBA-IGS sequences, including the 3h flanking region of cpcB and the 5h flanking region of cpcA, were determined from 38 Synechococcus isolates. Phylogenetic analysis of the 16S rDNA sequences further reinforced the polyphyletic nature of this taxon. Analysis of DNA sequences from the cpcBA-IGS and flanking regions revealed strain clusters that were in agreement with those obtained for the 16S rDNA data and supported the validity of this fragment for phylogenetic studies on this group. cpcBA-IGS sequence analysis enabled a large group of closely related Synechococcus species to be divided into seven clusters that reflected phycobilin content, as indicated by cell colour, and in vivo and phycobilin pigment absorption spectra. These results point to a phylogenetic relationship between the PC gene sequence and phycobilin content in this group of isolates.
METHODS
Cyanobacterial strains. A list of strains investigated is given in Table 1 . PS strains (Provisional Strain Identification Number ; n l 29) were obtained from the culture collection of the National Institute for Environmental Studies (NIES), Tsukuba, Japan, and, with one exception, were isolated from lakes in Japan. PCC strains (n l 9) were obtained from the PCC. Strains were cultured in C, CA, CB or CT media for PS strains (Watanabe & Hiroki, 1997) or BG-11 media for PCC strains (Rippka & Herdman, 1992) . All PS strains were grown at 15 mC, whereas PCC strains were grown at either 20 or 37 mC with illumination of approximately 50 µE m − # s − " from daylight fluorescent lamps with a 12 : 12 h light : dark cycle.
Determination of in vivo and phycobilin pigment absorption spectra. Exponential phase cultures were used for in vivo and phycobilin pigment absorption spectra determinations using the method described by Suda et al. (1998) . In vivo pigment absorption spectra measurements were performed between 350 and 850 nm using a Hitachi U-3000 spectrophotometer with a 60 mm diameter integrating sphere device. For phycobilin pigment extraction, 10 ml culture was centrifuged at 3600 r.p.m. for 15 min and the supernatant was removed. Cells were then washed once in saline EDTA and resuspended in potassium phosphate buffer (pH 6n5). Cells were broken using a model 3110BX Mini-Beadbeater PS, Provisional Strain Identification Number, National Institute for Environmental Studies (Japan) ; PCC, Pasteur Culture Collection (France). PS strains were grown in medium C except for PS-680, which was grown in medium CA, PS-672, PS-673, PS-674, PS-716 and PS-726, which were grown in medium CB, and PS-720, which was grown in CT. PCC strains were grown in BG-11 medium. Information on PCC strains was taken from Rippka & Herdman (1992) . Group designations are based on the cpcBA-IGS sequence as described in the text. Sequences for other strains used in the phylogenetic analyses are available through GenBank or the Ribosomal Database Project (Maidak et al., 1999) .
Strain
Origin (Biospec Products) with 0n3 mm beads, 4i40 s at 5000 r.p.m. on ice. The broken cell suspension was centrifuged at 3300 r.p.m. for 10 min at 5 mC and the supernatant was subjected to ultra-centrifugation at 50 000 r.p.m. for 1 h at 5 mC. The absorption spectrum of the supernatant was measured as above except that the integrating device was not used. DNA extraction. DNA was prepared from exponential phase culture using a modification of the bacterial lysis method of Tillett & Neilan (2000) . A 2 ml aliquot of mid-to lateexponential phase culture was pelleted by centrifugation at 15 000 r.p.m. for 5 min. The supernatant was decanted and the pellet was resuspended in 1 ml XS buffer containing 0n01 % (w\v) potassium ethyl xanthogenate (Fluka Chemika), 0n8 M ammonium acetate, 0n1 M Tris\HCl (pH 8n0), 20 mM EDTA (pH 8n0) and 1 % (w\v) SDS and mixed by vortexing for 10 s. The solution was incubated at 70 mC for 30 min, vortexed for 10 s and cooled on ice for 30 min. The tube was centrifuged at 15 000 r.p.m. and 4 mC for 10 min and then the supernatant, containing genomic DNA, was carefully removed into a new microcentrifuge tube. The DNA was precipitated by the addition of an equal volume of 2-propanol and incubated at room temperature for 10 min. The DNA was collected by centrifugation at 15 000 r.p.m. for 20 min at 4 mC. The resulting pellet was washed with 70 % ethanol, dried using a vacuum desiccator and then resuspended in 200 µl TE buffer, pH 8n0 (10 mM Tris\HCl, 1 mM EDTA). An aliquot of DNA was diluted 1\10 in distilled water for use in PCR applications.
PCR amplification and sequencing. PCR was carried out in 0n2 ml tubes with a final volume of 50 µl and contained 1iEx Taq buffer, 1 U TaKaRa Ex Taq (TaKaRa Biomedicals), 200 µM each dNTP, 2n5 mM MgCl # , 10 pmol each oligonucleotide primer and approximately 50 ng genomic DNA. For amplification of the 16S rDNA, primers F27(UFP) and R1492(URP) (Neilan et al., 1997) were included in the reaction with an amplification profile consisting of an initial denaturation at 95 mC for 3 min followed by 30 cycles of 94 mC for 10 s, 55 mC for 10 s and 72 mC for 90 s. This was followed by a final elongation step of 72 mC for 8 min. Ramp rates between temperatures were set at 1 mC s − " using a PCR personal thermal cycler (TaKaRa Biomedicals). For amplification of the cpcBA-IGS and flanking regions, primers PCβF and PCαR were initially adopted using the conditions described by Neilan et al. (1995) . Subsequently, primers cpcBF(UFP) and cpcAR (URP) were utilized for amplification of this region (see Results). PCR products were separated by electrophoresis through 1n5 % agarose in TAE buffer (40 mM Tris\ acetate, 1 mM EDTA) and photographed under UV transillumination after staining with ethidium bromide. PCR-amplified DNA was purified prior to being used as a template in sequencing reactions by using the QIAquick PCR Purification kit (Qiagen) according to the manufacturer's protocol. Sequencing reactions were carried out using the ABI BigDye Terminator Cycle Sequencing Ready Reaction kit (PE Applied Biosystems) according to the manufacturer's protocol except that the final volume was 10 µl and contained 2 µl BigDye mix and 2 µl halfBD sequencing reagent (GENPAK). Sequencing products were separated on a model 310 DNA sequencer machine and analysed using programs contained in the  package (PE Applied Biosystems). Primers used for 16S rDNA sequencing reactions were 27F, 119F, 341R, 530F, 685R, 942F, 1096R, 1221R, 1241F and 1494R, as described previously (Neilan et al., 1997 ; Weisburg et al., 1991 Weisburg et al., , 1985 .
In all cases, both strands of DNA were sequenced with contiguous overlaps. Phylogenetic inferences. Sequences were aligned using the GCG program , version 8 (Genetics Computer Group, Program Manual for the Wisconsin Package, 1994) and the multiple-sequence alignment and profile alignment tools in the   package (Thompson et al., 1994) . Aligned sequences were corrected manually and nucleotide positions that contained ambiguities (insertions, deletions or unknown bases) were removed from further analysis. Genetic distances, corrected for multiple base changes by the method of Jukes & Cantor (1969) , were calculated using the  program in the  package, version 3.57c (Felsenstein, 1989) . The phylogenetic tree was reconstructed by the neighbour-joining method of Saitou & Nei (1987) and the tree was plotted using  in the   package. Parsimony analysis was performed using  in the  package. Bootstrap values for both the distance and parsimony phylogenetic trees were obtained from analysis of 100 resamplings of the data set created using the programs  (Felsenstein, 1985) and  from the  package. With the exception of  , programs used in the sequence manipulation and phylogenetic analyses were made available through the Australian National Genomic Information Service (ANGIS, Sydney University, Australia).
RESULTS

Determination of in vivo and phycobilin pigment absorption spectra
In vivo and phycobilin absorption spectra were determined for 29 PS strains. Two types of spectra were observed for both the in vivo and the phycobilin determinations. PC-type absorption spectra were obtained for 13\29 strains. In these strains, in vivo absorption spectra showed a peak at 630 nm that was considered to be PC (Fig. 1a) . This was confirmed in the phycobilin absorption spectra for the same strains, which showed a peak at 621 nm (Fig. 1b) . Phycoerythrin (PE)-type absorption spectra were obtained for the remaining 16\29 strains. Here, the in vivo absorption spectra showed a major peak at 570 nm and a small peak at 625 nm. These were considered to be PE and PC, respectively (Fig. 1c) . This was again confirmed by the phycobilin absorption spectra, which showed a major peak at 560 nm and a small peak at 620 nm (Fig. 1d) . The results for individual strains are given in Table 1 as being either PC-or PE-type. All PCC strains investigated for this study were blue-green in colour and were assigned to the PC-type group without determining their in vivo or phycobilin absorption spectra.
Amplification of cpcBA-IGS
DNA was successfully amplified from only one of five PS strains initially tested using primers PCβF and PCαR and conditions described by Neilan et al. (1995) . Altering the annealing temperature of the reaction to 45 mC (from 50 mC) and titrating the MgCl # concentration between 2n0 and 3n5 mM did not allow the remaining four DNA samples to be amplified. annealing temperature of 45 mC and a MgCl # concentration of 2n5 mM, a single fragment was amplified from only four of 29 PS strains. As this previously described primer set was not suitable for amplification of DNA from most of the PS strains, a new primer set was designed for PCR amplification of the cpcBA-IGS and flanking regions. Oligonucleotide primers were designed from PC sequences available in GenBank from members of the Chroococcales, including Synechococcus, Synechocystis and Microcystis species. Sequences were aligned using the multiple-sequence alignment tool in the   package (Thompson et al., 1994) and primers were selected from conserved regions within the cpcB and cpcA genes to amplify a region encompassing the cpcBA-IGS. The selection of bases at nonconserved positions was based on a bias towards the majority of Synechococcus sequences. Primers were synthesized with a universal sequencing primer (either forward or reverse) attached to the 5h end to enable subsequent sequencing to be carried out utilizing these non-degenerate primers. The forward primer, designated cpcBF(UFP) [5h-TAG TGT AAA ACG ACG GCC AGT TG(C\T) (C\T)T(G\T) CGC GAC ATG GA], was selected from a region overlapping the PCβF primer of Neilan et al. (1995) beginning at position 8 from the 5h end of this primer and finishing 5 bases downstream from the 3h end of PCβF (Table 2 ). The 5h end of the reverse primer, designated cpcAR(URP) [5h-TAG CAG GAA ACA GCT ATG ACG TGG TGT A(G\A)G GGA A(T\C)T T], was located 95 bases upstream from the 3h end of PCαR. The expected size of the amplification fragment from these two primers was, therefore, 100 bases smaller than if the previously published primer set had been employed successfully. Primer cpcBF(UFP) contained degeneracy at three positions, whereas cpcAR(URP) had two positions with degeneracy. Part of the alignment on which these primers were based is shown in Table 2 . The optimized PCR employed an annealing temperature of 50 mC. The thermocycling was otherwise carried out as for the 16S rDNA amplification except that 35 cycles were performed. Two PCC strains (PCC 7918 and PCC 7902) could not be amplified under these conditions, but were successfully amplified when the annealing temperature was reduced to 45 mC. Amplification products varied in size between approximately 500 and 600 bp, with most having a product of approximately 500 bp. PS-680, PS-683, PS-724, PCC 7902 and PCC 9005 had visibly larger amplification products than all other isolates (data not shown).
Sequencing and phylogenetic analyses
Near-complete 16S rDNA sequences were determined for five PS Synechococcus isolates that were available in axenic culture as well as for nine PCC Synechococcus strains. GenBank accession numbers are given in Table  1 . A phylogenetic tree was reconstructed from an alignment of 58 sequences, including 30 Synechococcus isolates, representing the major lineages of cyanobacteria with Escherichia coli as the outgroup (Fig. 2) . The corrected sequence alignment, which formed the basis of the phylogenetic analyses, corresponded to positions 46-1455 according to the E. coli numbering system and was 1332 bases in length after gaps and ambiguous positions had been removed. Synechococcus sp. PCC 6716 and PCC 6717 clustered with ' Synechococcus elongatus ' (Toray), which remained ungrouped in the cyanobacterial phylogeny of seven lineages proposed by Honda et al. (1999) . These three sequences shared greater than 98n7% sequence similarity. With the addition of our two sequences, it is proposed that this cluster be called group 8 as it was supported by 100 % bootstrap resamplings in both distance and parsimony analysis and was the deepest branching group after Gloeobacter violaceus. Synechococcus sp. PCC 7902, sequenced in this study, was loosely affiliated with group 4, which previously did not contain any Synechococcus strains. The majority (21\30) of Synechococcus strains, including all five PS and six of the nine newly sequenced PCC strains, were located in group 6, which divided, with a high degree of certainty, into three subgroups (a-c). The three strains forming group 6a were not included in the study by Honda et al. (1999) . These isolates originated from saline lakes in eastern Antarctica (Rankin, 1998) . The separation of sequences in group 6c, with one additional sequence determined here, confirms what has been shown previously. In total, Synechococcus isolates were found in five of eight major cyanobacterial lineages based on 16S rDNA sequence analysis.
The DNA sequence for the cpcBA-IGS and flanking regions was determined for 29 PS strains and the same nine PCC strains for which the 16S rDNA sequence was determined in this investigation. GenBank accession numbers are shown in Fig. 3 ). Initially, 50 cpcBA-IGS sequences were used in the phylogenetic analysis. These included all sequences available from strains used in the 16S rDNA analysis (n l 20), which were from groups 4, 5, 6b, 6c and 8, the remaining PS strains (n l 24) and six additional cyanobacterial species from the genera Synechococcus (WH8020), Synechocystis (PCC 6701 and PCC 9413), Microcystis (PCC 7820), Calothrix (PCC 7601) and Pseudanabaena (PCC 7409). The tree resulting from this analysis indicated that sequences known or assumed to originate from 16S rDNA lineages outside groups 6 and 8 clustered accordingly (data not shown).
Sequences from strains outside 16S rDNA groups 6 and 8 were omitted from further analysis, with PCC 7002 being retained as the outgroup. The sequence obtained from PCC 7902 was therefore the only new PC fragment sequence determined here that was omitted from further phylogenetic analysis. In this analysis, 16\41 strains, not including the outgroup, were the same as those analysed in the 16S rDNA analysis. A phylogenetic tree was constructed based on an unambiguous alignment of 350 bases (Fig. 3) . Due to the highly variable nature of the IGS sequence and the resulting alignment difficulties, these 350 bases originated almost exclusively from within the coding regions of cpcB and cpcA flanking the IGS. The tree was divided into seven groups, designated A-G. These divisions were consistent with the lengths of the IGS of individual isolates (Table 1, Fig. 3 ). The division of the more distantly related groups was in agreement with the previously determined 16S rDNA-based phylogeny. Group G was the deepest branching group and included isolates identical to those seen in group 8 of the 16S rDNA-based tree. Similarly, group F contained members identical to 16S rDNA group 6c. Both of these groups were supported by bootstrap values of 100 % for distance and parsimony analyses. (29) 99 (100) 45 (20) 81 51 27 (24) 60 (62) 100 (100) 100 ( (100) 99 (81) 69 (66) 100 (100) 100 57 60 (65) 98 (98) 
Fig. 2.
Phylogenetic tree based on analysis of near-complete cyanobacterial 16S rDNA sequences with E. coli as the outgroup. Bar, 0n02 substitutions per site. Significant bootstrap values from the distance analysis ( 50 %) and those for major lineages are given at the nodes. Numbers in parentheses indicate bootstrap values for the major lineages obtained from parsimony analysis. Asterisks indicate strains for which the 16S rDNA sequence was determined in this study.
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45 (27) 100 (81) 73 (68) 44 (24) 100 (100) 100 (100) 99 (68) 100 (100) 93 (73) 71 ( . 3 . Phylogenetic tree based on analysis of sequences of the cpcBA-IGS and flanking regions from 42 Synechococcus strains. Numbers in parentheses following strain designation are the lengths (bp) of IGS sequences alone. Bar, 0n05 substitutions per site. Significant bootstrap values ( 50 %) and those for the major groups from distance and parsimony analysis (in parentheses) are indicated at the nodes. Asterisks indicate strains for which the cpcBA-IGS sequence was obtained from GenBank. Bullet points indicate strains that were also included in the phylogenetic tree reconstructed from 16S rDNA sequences (Fig. 2) Synechococcus phylogeny Ten of the remaining sequences in the cpcBA-IGS analysis were from isolates found in group 6b in the 16S rDNA-based phylogeny, where all 16S rDNA sequences shared sequence similarities of 96n2%. Separation of these sequences revealed similarities to the 16S rDNA tree topology, as outlined below (Fig. 3) .
Group A contained four PCC strains that were found in the lower half of group 6b. Two of these strains (PCC 7009 and PCC 6904) are classified as being in the Cyanobium strain cluster and PCC cluster 5 and all four strains had PC-type in vivo and phycobilin absorption spectra (Table 1 ). The group was not supported by significant bootstrap values and the IGS length varied between 43 and 60 bp (Table 1 , Fig. 3) ; however, the subcluster of three strains was highly supported. Group B contained six PS strains for which no 16S rDNA data were available. These strains had PE-type in vivo and phycobilin absorption spectra (Table 1) . Again, the entire cluster was not well supported by bootstrap analysis, but the two subgroups were each supported by 100 % bootstrap values in both distance and parsimony analysis. Group C contained three PS strains, all having PC-type in vivo and phycobilin absorption spectra (Table 1 ). This group was significantly supported by bootstrap values for both distance and parsimony analysis. Group D contained eight strains, for which no 16S rDNA data were available. All strains had PC-type absorption spectra and seven of these eight strains had IGS sequences of 54 bp (Table 1, Fig. 3) . Group E contained seven PS isolates, all of which had PE-type spectra and IGS sequences of 38 bp (Table 1) , and was well supported by bootstrap analyses. The three strains in this group for which 16S rDNA data were also obtained during this study were located in the upper half of group 6b in that analysis. Seven strains remained ungrouped in the cpcBA-IGS tree, namely PCC 9005, and WH8020.
DISCUSSION
The tree topology obtained from phylogenetic analysis of cyanobacterial 16S rDNA sequences was in agreement with that described by Honda et al. (1999) and supported the idea that members of the genus Synechococcus are polyphyletic in origin and should be divided into several different genera. For simplicity, the same numbering system for cyanobacterial phylogenetic lineages proposed previously (Honda et al., 1999) has been adopted. However, the addition of an eighth lineage is proposed (Fig. 2) .
It was found that 16S rDNA sequences from two Synechococcus strains examined during this study, PCC 6716 and PCC 6717, clustered with ' Synechococcus elongatus ' (Toray) (Fig. 2) . This result indicates that the ' Synechococcus cluster ' is not monophyletic as stated in previous studies (Honda et al., 1999 ; Urbach et al., 1998) , since PCC 6716 and PCC 6717 are classified within this cluster along with PCC 6301 and others. Furthermore, Bergey's Manual of Systematic Bacteriology states that PCC 6716 and PCC 6717 are probably members of the same species as PCC 6301 and numerous other strains (Waterbury & Rippka, 1989) . This is clearly not the case, and PCC 6716 and PCC 6717 should be classified in a different genus from that of PCC 6301. The PCC clustering system does separate these two strains (PCC 6716 and PCC 6717) correctly from other members of the ' Synechococcus cluster ' by placing them in cluster group 2 with other ' Synechococcus cluster ' members placed in PCC clusters 1 and 3. This separation better reflects the relationships identified here. Analysis of the cpcBA-IGS region reinforced the observation that PCC 6717, PCC 6716 and ' Synechococcus elongatus ' (Toray) are closely related to one another and clearly separated from other Synechococcus species where they formed the deepest branching group (group G ; Fig. 3 ).
' Synechococcus elongatus ' (Toray), PCC 6716 and PCC 6717 appear to be a very early branch of the cyanobacterial phylum. All three strains were isolated from hot springs in either Japan (Toray strain from Beppu, Kyushu) or North America (PCC 6716 from Hunter's Hot Spring, OR, and PCC 6717 from Fairy Springs, Yellowstone National Park). Further studies on these three strains may be particularly useful in unravelling the early evolution of cyanobacteria and their relationship with other bacteria. This cluster may represent one of the more ancient cyanobacterial forms and supports the idea that the Synechococcus-like morphology represents an early morphological type of cyanobacteria, from which other more complex morphologies have evolved. Such a hypothesis is further supported by the presence of this morphology type in five of the eight lineages presented here. 16S rDNA group 6 was the most complex in terms of Synechococcus phylogeny. Our analysis showed a clear division into three groups (a-c), which were well supported by bootstrap analysis (Fig. 2) . Group c included three members from the Synechococcus cluster (and PCC group 1) ; PCC 6301, PCC 7942 and PCC 7943. The group also included sequences from two Microcystis species, Microcystis elabens NIES 42 and Microcystis holsatica NIES 43 (Neilan et al., 1997) , which were isolated from Lake Kasumigaura, Japan, in 1974 (Watanabe & Hiroki, 1997) . The position of these Microcystis species is unclear, with fairly low percentage sequence similarities to the Synechococcus strains in this group, as well as to each other, as shown by the long branches on which they are found. These two Microcystis species were classified according to the system of Geitler (1932) in that, when isolated, they formed loose aggregates held together by amorphous capsular material, which is characteristic of natural populations of Microcystis. They do not, however, possess gas vacuoles. Subsequently, Stanier et al. (1971) proposed that only Microcystis spp. with gas vacuoles should be retained in this genus. Under this classification system, NIES 42 and NIES 43 would B. R. Robertson, N. Tezuka and M. M. Watanabe not remain as Microcystis species, a view strongly supported by 16S rDNA analysis presented here and by others (Honda et al., 1999 ; Neilan et al., 1997) . The same three Synechococcus strains from group 6c made up group F in the cpcBA-IGS analysis. Group F was clearly separated from all other species on a long branch, indicating a high level of sequence divergence relative to the other groups (Fig. 3) . The three isolates PCC 6301, PCC 7942 and PCC 7943 probably represent members of the same species, as indicated by earlier DNA-DNA hybridization studies (Wilmotte & Stam, 1984) .
Group 6a included three members that were not included in the previous study of Honda et al. (1999) and was supported by 100 % bootstrap values in both distance and parsimony analysis (Fig. 2) . These three isolates originated from saline lakes in the Vestfold Hills of eastern Antarctica (Rankin, 1998) . A recent phylogenetic study of these organisms showed that they formed a separate cluster from a number of Arctic Synechococcus isolates, also from saline lakes (including P211 and P212), and Synechococcus strains from Marine clusters A and B (PCC 7805, WH8103 and WH8101) (Vincent et al., 1999) . This suggests that these isolates in group 6a represent an additional lineage separate from other known Synechococcus species isolated from saline environments.
The third group, 6b, contained 15 Synechococcus strains from at least two different cluster groups (Marine cluster B and the Cyanobium cluster). This group was supported by 99 and 83 % bootstrap values in distance and parsimony analysis, respectively, and all sequences in this cluster had sequence similarities of over 96n2 % (Fig. 2) . It is predicted, from examination of previous studies, that Marine cluster A species PCC 7805 and WH8103 would also fall in this group, as would Prochlorococcus marinus (Honda et al., 1999 ; Vincent et al., 1999) .
The utility of the 16S rDNA sequence was limited in delineation of subgroups with group 6b. The cpcBA-IGS analysis, however, yielded useful information in this regard. The separation of cpcBA-IGS group A supports an expanded Cyanobium cluster division including PCC 7918 and PCC 7920, as well as the previously classified PCC 7009 and PCC 6904 (Fig. 3) . This clustering was present, but not clearly defined in the 16S rDNA analysis (Fig. 2) . PS-715 presents an anomaly in this case, as it clustered with the Cyanobium group in the 16S rDNA analysis (Fig. 2) but remained ungrouped in the cpcBA-IGS analysis (Fig. 3) .
In summary, Synechococcus isolates found outside 16S rDNA group 6 should be considered as misclassified strains and renamed accordingly. These included PCC 7902 found in group 4, PCC 73109, PCC 7117, PCC 7002 and PCC 7003 located in group 5 and PCC 7335 in group 7. Synechococcus strains making up group 8 are also clearly a separate genus and should be reclassified as such. Our results indicated the following divisions within group 6, which contained the majority of Synechococcus isolates. At the highest level, three divisions exist, represented by groups 6a, 6b and 6c. These divisions are likely to be at the generic level. Group 6b contained numerous isolates and warrants division into a number of groups, probably at the species level. Analysis of the cpcBA-IGS fragment for this purpose is a useful tool. Our results revealed a good correlation with 16S rDNA data presented here and with some of the Synechococcus and PCC strain clusters. Analysis of sequences from additional representatives of marine isolates is required to discuss properly the status of these organisms in relation to group 6b as a whole.
One striking feature of the analysis of the cpcBA-IGS and flanking regions was that each group contained isolates with either PC-type or PE-type absorption spectra (Table 1, Fig. 3 ). This indicated that there is an evolutionary relationship between the primary DNA sequence of the PC operon and the possession or expression of PE. This result differs from that reported by Otsuka et al. (1998) , who saw no relationship between 16S rDNA similarity and phycobilin pigment composition in a group of Microcystis species. A strong relationship was also observed between the length of the IGS sequences and phylogenetic groups based on analysis of cpcBA-IGS and flanking regions (Table 1, Fig. 3 ).
The phylogenetic analyses presented here, based on DNA sequences from a large number of Synechococcus isolates for both 16S rDNA and cpcBA-IGS and flanking regions, reinforce the notion of Synechococcus as an unnatural taxon with polyphyletic origins and show the utility of the PC locus for examining closely related species within this group of cyanobacteria. Clearly, the genus Synechococcus should be revised extensively, taking into consideration that the phylogenetic diversity seen among this group as it stands, as inferred by 16S rDNA sequences, may be almost as wide as it is for all cyanobacteria. In our analysis, five of eight groups representing the major cyanobacterial lineages contained Synechococcus isolates. It is suggested that the Synechococcus-like morphology may represent an ancestral morphology type from which other morphologies have evolved.
